The dmdfunzation of Illinois No. 6 coal (4.S3% S) was investigated \vi[h BUSPand with alkali metals (Na, Li) in BujP, hydrocarbon solvents and liquid ammonia. In the reaction of this coal with BUSPat 250°C, elemental analysis of lhe residue revealed that "ap-parentl y 92.3% sulfurremoval was realized: The addition of alkali metals~o.the BU5Pdid not improve the ., desulfurization but rendered coil cornponeri(s'mores~luble in"the extrac~; Alkali metal/liquid'-ammonia systems gave rise to moderate desulfurization efficiency albeit with CCZ. 32%weight . loss of the coal. Our procedure with BhjP also revealed higj-tefficiencies for apparent sulfur removal .(37.3% to 91.970) from low-sulfur (0.62Y0to 2.32%) coals. Coal-related materials, such as coal-derived pyrite, FeSz and FeS also lost-sulfur on treatment with BusP. 31PMM JMvIR experiments indicate that the inco,qorwed phosphorus compound is primarily BujP=O (5 31P " 31.5-32.55 ppm) while small'amounts of BU5P=S were detected (6 "P 48-56 ppm) in some cases.
. . aimed at efficient desulfunzation of coals have present in coals can be removed by physical, process is slow but quite effective in removing all types of organic and inorganic sulfur simultaneously using a sjngje type of bacterium. Th; simpler physical methods are currently more economical" compared with processes ihat convert coal into liquid or gaseous fuels. Chemical processes developed in the past for the removal of both organically and inorganically bound sulfur from coal include the use of high temperature alkaline solutions,l molten caustic at ca. 380 "C,'d alkoxides in refluxing alcohol,l~KOH in supercritical alcoh-ols,lf oxidation with hydrogen peroxidez and peroxyacetic acid,j reductions involving hydrogenation, 'b carboxylation,$ zerovalent metal treatment,5 reactions with sin@e-electron transfer agents, ]C. 6 and.strong base.' Although these methods remove sulfur from coals to varying extents, other routes [hat improve coal ciesuifurization continue to be sought. Over the past decade, many or~nometallic systems have been investigated for their HDS properties and a substantial numbfi'-of successful examples of C-S bond cleavage in benzothiophenes and dibenzothiophe{es by such systems have been reported.s
In a recent patent from our laboratory,g dam on the desulfunzation of Illinois No. 6 coal with tributv]phosDhine under mild conditions~vere presented.
. Here we report details of that work, the desu]fu~za[ion of ocher COdSand coal-related materials by the same method, and also the desu]furiza[ion of Illinois NO. 6 COa]utilizing alkali metals (Na and Li) in liquid ammonia and in hydrocarbon solvents. 
Effect of panicle size. liauid NH3 pretreatment and sonication
Moderate desulfurization (ea. 61% sulfur removal) was observed in the reactions of 20 or so mesh Ilinois lFIo. 6 coal with tribu[ylptiosphine. while greater desulfuriza[ion (76.2%) was realized with 100 mesh Illinois LNo.6coal (Table 1 ). The panicle size of the coal was not observed to affect desulfurization efficiency in a consistent manner. Coal pretreatment with liquid ammonia a[ -78 'C for 3 h to induce swelling or the aadi[ion oi' Celi[e to improve dispersion and filtration of the coal residue actually reduced desulfurization efficiency. Sonication instead of heating was also disappointing ( Table 1 ). The ciesuifurization reaction in this work occurs M shown in eqn 1 in Ar/250 'C Coal(S) + BU3P~Coal + BU:P.S .
(1) " which the sulfur ,piesent in coal is predominantly converted [o u-ibu~yiphosphine sulfide. Earlier we observed in CPMAS 51PMvIR studies that the phosphorus species incorporated into [he coal residue from this reaction can include BujP, BU3P=S, BujP=O, BU3PW and a phosphate ester that can be written as (Coa]-O)jP=O.'O After [he desulfurized coal residue was washed with ethyl ether and/or methylene chioride eight times for all entries in , Table 1 , ordy BujP=O could be detected in the filtrate by GC analysis. The >100% mass recovery and the relatively high phosphorus content of the residue in entry 7 suggest that any-,IOSSof starting mass by sulfur removal and coal volubility is overcompensated by phosphorus " " incofioratioti.
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The mass balance moblem \
Before proceeding to a discussion of our additional results,~ve "address the we used to calculate the sulfur, removal percentages' in Table 1 and in subsequent tables. Arriving at a mass " . balance in these reactions has thus far not been successful. Reaction 1 as written is greatly oversimplified inasmuch as BujP is incorporated into the residue" as its oxide, sulfide and protonated cation. Moreover, coal components are undoubtedly solubilized judging from the very dark coloration of the extract. Separation of the extract components has also not been . achieved thus "fm~-We considered the use of equation 2 wherein lM-= mass, SM = starting material, Res = residue, and Rem = removal. (Table 3) . However, the ma& recovery was also substantially less. The addition of lithium appears to interfere with sulfur removal from Illinois No. 6 coal for.reasons that are presently obscure.--GC anaIysis of the extract after workup of the reaction mixture indicated that -a small amount of BU3P=S was still present.in the washings of the residue. These observations demonstrate that although sodium or lithium can desulfurize the BusP=S generated from coal during the reaction, few if any of the miniscule beads of molten metal that formed were apparently not small.t$nough to penetrate the coal pores for reaction with the BU3P=S that had become trappe~ifi-the pores.
Prouosed Drocess for sulfur removal from coal Should the economics ever favor coal desulfurization with R5P, two potentiaI methods for reducing Bu3p=S back [O BU3P for recycling are indicated in Scheme 1. Here the extracts containing BU3P=S could be filtered into a separate reactor conminin~the alkali rne:al. The BUS? regenerated in the second reactor could then be distilled or pumped back to the desulfurization reactor. A third route is suggested in Scheme 2. The data in Table 3 Table . 3
Ar/')oo y.Ã lthough Na and Li remove sulfur from a variety of organosulfur compounds (including thiophenes) in hydrocarbon solvents at temperatures above the melting points of the metals,*2 ..
these metals displayed only poor to moderate efficiencies for desulfurizin& coal in refiuxirg" hydrocarbon solvents, such as tetradecane, mesitylene and toluene (Table 4) . "Ẽ ffect of coal/PRj ratio By using half th'e aiii-ount of Illinois IXIO. 6 coal (0.500 gins:ead of the 1.000~used in Table 1 , -entry 2), up to 92.3% apparent sulfur removal was realized using BU3Pby itself (Table 5) . A temperature of 250 'C (the boiling point of'Bu5P)-and a time of 48 h appears to be optimal for Ilinois No. 6 coal. The higher desulfurization efficiencies maybe attributed to the greater dilution of the Bu~P=$generated by BujP during the reaction. Here the addition of Celite again only reduced des}lfurization efficiency (entries 4 and 6 in Table 5 ).
Other coals. and coal materials The conditions in entry 4 of Table 5 were then applied to the desulfurization of a series of lowsulfur coals (Table 6 ). Where two mesh sizes of coals were employed, the desulfurization efficiencies~r~eresifilm except in the cases of entries la, b and 4a, b. Interestingly: 70-90% desulfurjzation w.s achieved in most cases, with the Illinois No. 6, Pittsburgh iNo. 8 and Blind Canyon coal s~ples releasing approximately 90% of their sulfur.
Coal-derived pyrite, pyrite and FeS were also subjected to the same desulfurization conditions ( Table 7 ]. Accoraing to the atomic SfFe ratios obtained from e!emeid analvses of the reaction residues in entries 3 (0.89) and 4 (0.90) it would appear that the FeS generated from FeS. ,w~s partiai~:; c!esu!~~rizec!. By assurn;ng tha[ [he phosphors Cament is prejeni 2s 13u:?.. however, the amount of the availabie sulfur re.moveci was 52.95 and 51.05%, respectively, wi!ch is close to the 50% value expected since FeS is very stable.l'. By making the same corrections for the phosphor~s conten[s of the coal-derived pyrites in entries 1 and 2, [he qumti[ies of :he available sulfur remo~'ed were 47.13 and 55.13%, respectively. The Iatter somewhat high viue may be due to the reaction in eqn 6 which stems from [he presence of acidic biphenoi.
The HPB u5-ca[icn, \vhich rewiily forms in phenols, may also be involved in hydrogen [rscjfer [o the sulfic!ic su~fur. The sulfur removal from FeS in Table 7 is 11% (entry 5). The perca: sulfur reimovea from the ciemineialized coal sample in Table 7 is only 31~o (entry 7).
Xature of our sulfur removal "DrCC?s3 Because virtually all of the inorganic sulfur in Illinois A70.6 is pyritic and since FeS does not appear to be appreciably desulfurized under our conditions, only about half of the -~$ZO inorganic sulfur in Illinois No. 6 is removed by BujP. This would indicate that virtually all of the approximately 2'?o organic sulfur in this coal is r.moved (entry 4, Table 5 ). Since almost all of the organic sulfur in Illinois No. 6 is thiophenic sulfur, all of this type of sulfur is apparently removed under our conditions. It could be suggested that thiophenic compounds merely dissolve out of the coal into the extract and are~ot chemically attacked by the BujP. Although this conjecture receives s"upport 'from" our~earlier observations that BUSP does not react with dibenzo[b,dthiophene
or benzo~]thiophene to any detectable extent at 250 'C f6r several days,'3 neither of these compounds "wasdetected in the 15CiNMR spectra of the extracts. Earlier. we showed that Hl?Bu~=(observed by 51Ph~fll spectroscopy in Illinois No. 6 treated with BusP) can be formed from from phenolic (or carboxylic acid) protons present in the coals. We ako .. showed that desulfuriza[ion of this coal with BujP was negligible when the acidic protons were replaced with alkyl groups or FJa+ ions, thus concluding that labiIe protons in coal facilitate desulfurization. It is interesting that the elemental analyses of the residues were consistent with incorporation of biphenol to the solid matrix (Table 7) when biphenol was added: Such incorporation could occur as a result of the reaction of biphenol with BU5P to form Bu3P~and -biphenolate anion. A variety of acids do not facilitate this reaction for thiophenes by themselves, however.lJ Thus for some as yet unknown reason, labile hydrogens carry out this function only in the coal matrix, and seem to do so only when minerals are present, as is shown by the lack of desulfurization of thp demineralized coal samples in entry 7 T.able 7 wherein on]y 31.3% of (organic) sulfur r~m&al was obtained and a 95.6% mass recovery was realized. / The effect of liauid ammonia Birch reduction hes been used to reduce a variety of functional groups in organic synthesis. 15 Potassium (or sodium) in liquid ammonia has been used for the multistage alk~lation of coals as an aid in studying coal structures.lb The reactions of Illinois No. 6 coal with Na or Li in liquid ammonia gave comP~able desulfurization efficiencies (56-57% sulfur removai) with a ca. 32?0 weight IOSSof [he~oal s~.ple (Table 8) . It is 'known that treatment of coal~vith alkali metal in liquid NI-1~renders [he coal more vulnerable to extraction" by organic solvents.15 In our study (Table 8 , entries s and 5), the water-soluble species in the reaction residues would include Na~S or Li$ which had ;Otie exmcted iro.m the resiaue to rencier a memiingful wiiur~iiaiyis.
Conclusion and future work
The reaction of coal with BU5Pa[ 250*C under atmospheric pressure appears :0 be a general..; efficient foute to desulfurizing coals. The problem of mass balance is still a nagging one, however, because part of the coal is ex[racted into the BU:P and part of the BU5P remains in [he coal matrix as BU5P,BusP=S, BujP=O and BU:PH-phenol ates, according to 51P CP >1.%S>Tm spectroscopy. This severely obfuscates [he meaning of {he S elemental analyses in :mms of actual sulfur removal.
To attack this proble,m, we have designed an a ppwatus that~vill 2I1o'.vus :0 pefiwm accurate mass balances, as well as expose the coal sample to fresh BU:P throughout the extraction run. The. design we have developed is similar to that of a Soxhlet apparatus, but the design is radically different. The problem wi[h the Soxhiet apparatus is that there is consicierable hang-up of an extractant by adso~tion cmall of the surfaces above the liquid. including the extraction chamber and up into the itflu~condenser. The Soxhle: cup also re{ains considemb!e BujP by absorption into the fibrous cup material. 1[ is unfeasible [o weigh the adsorbed and absorbed BujP in the appar&s because its mass is"small relative to that of the apparatus and the cup containing the extracted coal, respectively.
Our apparatus design (which greatly minimizes giass surface) consists of a 50 ML flask fitted with a small water-cooled cold finger at the end of which is suspended an "envelope" created from filter paper. The envelope contains the weighed coal sample to be extr~cted. Several grams of BUSPis accurately weighed into the flask via a syringe and refiux is carried but. . at 250GC.,-The,cold finger condenses the BujP and tillows the hot condensate to wash through the filter paper. The coriditioris are "controlledsuch that~hecondensate is very nea~y 250*C. At the end of the run, the flask is allowed to cool to room temperature. The hang-up of BujP on the relatively smidl amount of'~lass sufiace is calculated to be small compared with die original mass' of,liquid whose total volume we calculate from its density. (Accumulation of a drop of BU5P at the end of the cold finger is prevented by connection of the cold finger end to the filter paper holding the sample.) After a volumetric aliquot of extract is withdrawn and weighed in a syringe, we can calculate the new density of the extract and 'also calculate quite precisely how much mass the coal has lost by extraction, realizing that a corrected massmust be calculated for the amount of Bu~P trapped in the coal residues, and an extract density correction must be made for the BUSPin-tiefilter paper. The former can be done by phosphorus elemental analysis of the extracted coal sample, and the latter correction can be accomplished as follows. The filter paper containing the extracted sample is transfemed to a clean apparatus of the same design and washed with refluxing ether. The filter paper envelope is then dried and weighed to gauge the coal mass IOSSwhic$,is then compared with that calculated from the extract mass gain. Sulfur elemental analyst i'& both the extract and the extracted residue can then be compared and used as checks on [h< accuracy of the sulfur elemental analysis. All of the manipulations must be carried out under nitrogen cr arson to prevent oxidation of BU5P. A potential complication of the calculated sulfur removal rnjght be the sulfur that is trapped in the residue as BII~p=S (which is detectable by CP NfAS 'lP NMR spectroscopy). We believe this~vi]l~CIW be a negligible problem because of constant exposure of the sample :0 pure hot condensed B@ that will wash out the BujP4 much more completely. Thus in our sealed tube experiments described in his repo~, a fix;ure CIfextrac[ (con[Aning dissolved BU3p=S) and coal residue is present [hroughou[ the run which allows an equilibrium co be established between . sx:rzc:-clissolved and~0~1-[i22 . ..
By Under ar~on, coal (1.000 g or 0.500 g), BujP (7 mL) or hydrocarbon solvent (3-5 m.L), and other substances as indicated in the tables (i.e., Celite, LYaor Li, etc.) were added [o a 50-rnL wo-neciced Schlenk bottle fitted with a condenser connected at the Iop to an argon line. The mixture was vigorously stimed at~het emperatures and times shown in. the tabl$$'-' '"After cooling the retiction. mixture. to room temperature, 5 mL of ethyl ether was added followed by-filtration. l~here PJa or Li was used, the . first work-up step included quenching unreacted metal with 5 mL of methanol at O 'C under argon, The solid was copiously washed with diethyl ixher until. no BU5P=S was detected by GC analysis and then it was further washed with water ,or other solvent as indicated in the tables. The residue was then dried in vacuo for elemental analysis.
B. Reactions of coal with Bu3P\(MeOH):
Coal was treated wi~h rnethigtol in the manner indicated in Table 2 and the reactions were carried out under argon. The work-up of the reactions was the same as that in A.
C. Reacrions of coal-related materials with BU3P: Under argon, 1.000 g of coal-related -material (as indic~~d in Table 7 ) and 7 mL of BujP were added to [he reactor (1.0 m.mol of biphenol was added as indicated) and the reaction was carried out at 250 'C for 48 h. The workup procedure was the same as that in A.
D. Reacrions of coal with M4iq NH3: Under argon, 30 mL of liquid ammonia was added [O a 150 mL two-necked Schlenk bottle charged with 1.000 g of coal, Pla or Li (30 mrnol) was added in portiops< 'The reaction mixture was vigorously stirred at -78 "C under a slow argon flOWfor 3 h and then ammonia was evaporated by slowly warming the reaction mixture to room temperature. The unreacted mewl was then quenched with 5 rn~of methanol at O 'C under Mgon. The mixture was filtered and washed with diethyl ether and further washed as indicated in the tables. The solid was then dried in vacuo for elemental analysis. Bu~P=O. This oxidized sample was then subr&ea for sulfur"elemental analysis.. In this case,
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the calculated percent S removal based on the 0.74% sulfur content found in the oxidized . .
shpe'mant is 75.4'%. The coal sample was stirred in 30 mL of liq. lNI$ at -7S "C for 6 h and followed by evaporating the M+ before it was reacted with BU3P. 'Celite (0.500 g) was added as --, a filter aid. CSonicated at 1.0 /iMRS in a water bath. 'Sonicated by a probe (300 w, 5 x 5 rein).
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-. . . 'Substrate, 1.000 g; BujP, 7 mL; 250 "C; 48 h; 0.1 N. Pa.~iphenol (0.186g, 1.0 mmol) $vas added. '0.500 g.~.
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-. The coal samples (1.000 g, 20 mesh) contained 4.S5 % S and 1.16 % N. 
Project Objectives
A.
Opti.mize.thexoal desulfurization reaction"witi respect to time, temperature, coal~pe and .
Coai(S) + excess PR~~coal + S=PR~/PBu3 (1) the R groups (i~cluding R = H), and also on extraction, impreegation and sonication ,. . /. condition<.
B.
Optimize the conditions for the HDS reaction Hz + S=PR3~H2S + PR3 (~) (which allows tie Pllj to fi-c:ion as an I-IDScatalyst for coal) with respect to R gro~~p, temperawe, press~e, H2 gas flow rate and inem solvent presence. E.
F. ,.
, G.
H.
Determine the produc~(s) and the pathway of the novel redox reaction that appe~s w
Q "R' ==-"'R'+' ")
DBT guan(itatively remove sulfir from dibenzothiophene (DBT) when R = Bu when F~C!j is used as a catalyst.
Impregnate sulfur-laden coals with FeJ'~o ascertain if the PR3 desulfirization rate increases.
Determine tie nature of the presendy unextractable phosphorus compounds fonmeti in solid coals by PR5. '
Explore the efficacy of PR~/Fe~' in removing sulfur born petroleum feedstocks, heavy &@.s ,, (whether solid or liquid), coaI tiir and discarded tire &bber.
Explore the possibility of using water-soluble PR3 compounds and Fes* to remove sulfbr from petroleum feedstocks and heavy ends in order to remove the SPRS (and Fe3' catalyst) -.
by water extraction (for subsequent HDS of the SPR3).
Explore the possibility of using solid-supported PRJ compounds (plus Fe3+ catalyst) to .-remove sulfi from petroleum feedstocks and heavy ends in order to keep the oil and the SPR3 (formed in the reaction) in easily separable phases. ,.' . /.
In this document we report that the highly basic phosphine A, which was deveIoped Table 1 ). Wkh more th"m2.0 equiv of A, benzyl trisulfide was desulfhrized "" to benzyl monosulfide via benzyI ciisudfide(en~' 4, Table 1 ). DisuMdes such as propyl, butyl, . . methyl benzyl and benzyi disulfides were efficiently desuHiuized to monosulfides at room .-temperature or at 40 'C (enties 6, 10, 13 and 14, Table 1 ). Increasing the steric hindrance of 'de -.
disulfide obviously decreased the desulfin-ization rate (enties 7 and 12, Table 1 ). Although , @fe~w3P w=jffe_&e for desulfiuizing kisulfides to dkdfides and some activated ,.
monosulfides to suti-free compounds,43G it showed much poorer desulfurizing efficiency than -4 der the same reaction conditions (entries 5, 8, 9 and 11, Table 1 ). Using excess (1'v.le2Fl)3P, benzyl trisulfide was desulfu.rizeti to benzyl disulfide (39.6%) and benql monostilde (42.9%) .
in THF at room temueramre witi 25.5 h, but under the same conditions it was quantitatively -desulfirized to dibenzyl .monosuifiee by -~witin 3 h (entries 4 and 5, Table 1 ). For disulficies, @lezN)~P led to poor desulfization efficiencies (enties S, 9 and 11, Table 1 ). ?henyl ciisuifide could not be efficiently desulfiu-ized at room temperature by .4~d raising the temperaw:e led 10 the formation of C (enuy 15, Table 1 ). Thes *PNMR spectrum of the reaction mixture ofphenyi disulfide with A in tetradecane at 160 'C revealed a major peak at 45.1 ppm in addition to a small peak at 76.3 ppm (assigned to B). Acidi@ing the same reaction mixture witi lN 14C1led
to the fo~ation of phenylt.@ol w~ch 'wasdetected by GC/MS analysis. kterestingly, propylene ,.
sukfide in the presence of A lost sulfur to give propene in high yieId at room temperature (em-y 16, TabIe 1).
1%.iocyaxiat~~were desulfurized to their corresponding cyanides (entries 1,2, Table 2 ). In -the reaction of ethyl thiocyanate with A at room temperature, D (i55*P= 50.7 ppm) and B"were formed in roughly eqyhmlent amounts accordingto31P NMR integratiorq but raising the /- Compound A is a more powerful desulfizing agent than its acyclic counterman ,.
P@MeZ)3 and it is also more potent than PPh3 in this respect. This observation is attributable~o" partial donation of elecfron density from the axial nitrogen to the phosphorus in a trarwumular interaction that can enrich the electron densi~on phosphorus, which in tum aIlows A to act as a stronger nucleophile for sullir. However, the nucleophilici~of A is not sufficiently suong to remove sulfur from benzothiophene or dibenzothiophene. We had thought that the compact cage-like natie 5T -~mid-n allow this molecule to penetrate the pores of a coal such as Illinois No. 6. If A could remove stdfur horn coal by a cataiy-cicmechanism (for which we have some evidence using PJ3yj) then.4 might function more efi-ectively in this regard than PBu3. /-However, this<s unfortunately not what we obsemed and in the next report we will describe the resuks of our return to the main objectives of this project.
It should be noted that the PI received an unsolici~ed invi~ation from the organizers of-he .. ----------. . .. 
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